An original method was developed to define the regional Hadley circulation (HC) in terms of the meridional streamfunction. The interannual variability of the Atlantic HC in boreal summer was examined using the EOF analysis. The leading mode (M1), explaining more than 45% of the variances, is associated with the intensity change of the ITCZ. M1 is significantly correlated to multiple climate factors and has strong impacts on the Atlantic tropical cyclone (TC) activity. In the positive (negative) phase of M1, the ITCZ is stronger (weaker) than normal, and more (less) TCs form over the Atlantic main development region (MDR) with a larger (smaller) fraction of storms intensifying into major hurricanes. Composite analyses showed that the large-scale conditions are more favorable for the MDR TC activity in the positive phase.
The intensity of globally averaged Hadley circulation is significantly modulated by the variations of the El Niño-Southern Oscillation (ENSO) on the interannual time scale (Oort and Yienger 1996) . Recent work suggests an intensifying trend of the Hadley circulation in the past three decades (e.g., Mitas and Clement 2005; Stachnik and Schumacher 2011) . Chiang et al. (2002) examined the interannual variability of the Atlantic ITCZ precipitation and suggested that the variability is mainly controlled by the meridional Sea Surface Temperature (SST) gradient of the tropical Atlantic and the anomalous Walker circulation associated with ENSO. The meridional SST gradient is linked to the Atlantic Meridional Mode (AMM, Chiang and Vimont 2004) , which is involved with the air-sea interaction and induces the meridional displacement of the ITCZ.
The impacts of the large-scale envrironment on the Atlantic tropical cyclone (TC) activity have been examined in the many previous studies. Shapiro (1982) showed that the lower largescale sea-level pressure and weaker 500 hPa westerlies over the North Atlantic precede more active hurricane seasons. Gray (1984) highlighted the impacts of ENSO on the Atlantic TC frequency via the changes of the upper-level flow pattern and the associated VWS. Landsea and Gray (1992) and Gray and Landsea (1992) found a significant correlation between the JuneSeptember rainfall at western Sahel and the number of intense hurricanes. Landsea and Gray (1992) hypothesized that the enhanced TC activity is related to a weaker VWS and stronger African easterly waves (AEWs) in a wet year. Goldenberg, et al. (2001) investigated the interannual and interdecadal variability of the TC activity over the Main Development Region (MDR; 10N°-20°N between the coast of West Africa and Central America), and suggested that multiple climate factors cooperatively contributed to extreme active hurricane seasons. Vimont and Kossin (2007) and Kossin and Vimont (2007) showed that the AMM is correlated with a number of local dynamical variables (i.e., VWS, low-level vorticity and convergence, static stability, and sea level pressure) that cooperate to impact Atlantic TC activity.
Over the Atlantic, a majority of TCs originate from African easterly waves (AEWs) (Landsea 1993) . The relationship between the AEW activity and TC activity over the Atlantic has been examined in some previous studies. Reed (1988) suggested that TC activity may be related to variability in AEW intensity. Thorncroft and Hodges (2001) showed a positive correlation between Atlantic TC activity and the 850 hPa wave activity at the West African 3 coast, which was further confirmed by Hopsch et al. (2007) . Most of these studies, however, focused mainly on waves over West Africa. The structure and variability of the tropical easterly waves (TEWs) over the Atlantic and their relationship with TC activity are not well-understood.
Recent work by Dunkerton et al. (2009) showed that a protected region of cyclonic recirculation exists in the lower troposphere in some, but not all, easterly waves. Such a region, the so-called wave pouch, straddles the ''critical latitude'' where the wave phase speed and the mean flow speed are equal. As demonstrated by both observational diagnoses (Wang et al. 2009; a ond and pez Carrillo 2011) and numerical model simulations (Wang et al. 2010a,b; Wang 2012; Montgomery et al. 2010; Fang and Zhang 2010) , a wave pouch can protect a protovortex inside from strain/shear deformation and dry air intrusion above the boundary layer, and its cyclonic gyre also provides a focal point for vorticity aggregation. Wang et al. (2012) further examined the vertical structure of the wave pouches and suggested that a moist and convectively active wave pouch extending from the middle troposphere (600-700 hPa) down to the boundary layer is a necessary and highly favorable condition for TC formation. The marsupial paradigm provides a new perspective to look at the impacts of the large-scale circulation on TC formation.
In this study we will examine the variability of the Atlantic Hadley circulation and its impacts on TC activity. As discussed earlier, the Hadley circulation links various aspects of the large-scale circulation, and this study aims to provide a better understanding of the association between the large-scale circulation and TC activity. Using insights from the marsupial paradigm, we will also exa ine easterl waves as a "connecting link" between the large-scale circulation (its structure and variability) and TC development.
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The remaining of the paper organizes as below. The data and methodology are described in Chapter 2. The interannual variability of the Atlantic Hadley circulation is presented and discussed in Chapter 3. The impacts of the interannual variability of the Atlantic Hadley circulation on TC activity are examined in Chapter 4, followed by a summary and discussion in Chapter 5.
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CHAPTER 2: DATA AND METHODOLOGY
Data
Monthly mean wind data from NCEP-DOE Reanalysis 2 (NNR2; Kanamitsu et al., 2002) was used to derive the meridional streamfunction (defined in section 2.2) and examine the largescale atmosphere circulation, and the 6-hour data from NNR2 were used to investigate the TEW activity. A 2.5 to 9-day band-pass filter and a 2.5-day low-pass filter were constructed (DoblasReyes and Déqué, 1998) and applied to the 6-hour wind data. The former was used to extract the TEWs, and the latter was used to remove the high-frequency fluctuations. The low-pass filtered data can be regarded as the "total" flow, which consists the ean flow and the wave perturbations. Besides NNR2, the ECMWF Interim Reanalysis (ERA-Interim) and the NCEP Climate Forecast System Reanalysis (CFSR) datasets were also used to examine the robustness of the findings. Since most features identified using NNR2 were found robust, the discussion is mainly focused on NNR2, and the comparison between different datasets is briefly addressed in Chapter 5. Monthly Sea Surface Temperature (SST) data from NOAA Extended Reconstructed Sea Surface Temperature v3b (ERSST; Xue et al., 2003; Simth et al., 2008) and monthly precipitation data from the Global Precipitation Climatology Project (GPCP; Adler et al., 2003) were also used in this study. Yin et al. (2004) suggested that GPCP represents the oceanic precipitation more reasonably than the CPC Merged Analysis of Precipitation (CMAP) does. The
North Atlantic hurricane database (HURDAT, Landsea et al. 2008) , which is also known as the best track data, was used to examine the TC activity, including genesis frequency, storm tracks and intensity. The index for the Atlantic equatorial mode (AEM) was derived from ERSST. 
Methodology
Stokes streamfunction has been commonly used to study the mean meridional circulation (e.g., Oort and Rasmusson, 1970; Oort and Yienger, 1996; Dima and Wallace, 2003) . In this approach, the meridional circulation was assumed to be non-divergent, i.e., 0
there is no net mass flux in the zonal direction. A streamfucntion can thus be defined for the meridional circulation, which satisfies (Oort and Yienger, 1996) :
where v is the meridional velocity, ω is the vertical velocit in pressure coordinates, ψ is Stokes streamfunction, R is the mean radius of the earth, ϕ is latitude, and the overbar and the brackets denote temporal and zonal averaging, respectively. Stokes streamfunction is often derived by vertical integration of the meridional wind based on Eq. (2):
The assumption of non-divergent meridional circulation is valid over the global domain, but it breaks down over regional domains or individual basins when the zonal mass transport in or out of the domain is not negligible. To study the variability of the Atlantic Hadley circulation,
we took an original approach to define the streamfunction. Recall that the horizontal wind field can be decomposed into the nondivergent and irrotational components, and only the irrotational component contributes to the vertical motion. The irrotational component of the meridional flow can be regarded as part of the north-south overturning circulation, i.e., the Hadley circulation, and the irrotational component of the zonal flow can be regarded as part of the east-west overturning circulation, i.e., the Walker circulation. We can thus divide the vertical velocity into two parts, one associated with the Hadley circulation, and one with the Walker circulation:
where the subscript  denotes the irrotational wind component; the subscripts H and W denote the Hadley circulation and the Walker circulation, respectively; the sum of  H and  W yields the total vertical motion. Note that such partitioning does not imply that the zonal and the meridional circulations are independent of each other. The coupling of zonal and meridional circulations has been suggested responsible for the inter-basin association (e.g., Chang et al. 2000; Chiang et al. 2002) .
Using Eq. (4), the meridional streamfunction for the Hadley circulation can be derived based on the irrotational component of the meridional flow:
where downward integration was applied by assuming ψ=0 at the top of the atmosphere. To study the interannual variability of the Hadley circulation over the Atlantic, the JAS seasonal mean meridional wind was averaged over 20°W-70°W to derive the streamfunction. The
Empirical Orthogonal Function (EOF) and composite analyses were then used to extract the dominant modes of the interannual variability and examine their impacts on TCs. Cell is strengthened at the pace of 0~3×10 10 kg s -1 per decade and its northern boundary extended northward. The southern Ferrel Cell is also strengthened but with a much weaker trend.
The EOF analysis was applied to the streamfunction field between 60S to 60N, from 1000 hPa to 100 hPa to extract the dominant modes of the interannual variability. To ensure the physical robustness of the EOF analysis (Lian and Chen 2012) , the linear trend was removed from the streamfunction field at every grid point before applying the EOF analysis. As shown in variance, this dominant mode will be the focus in this paper.
To better illustrate the variability of the Hadley circulation associated with M1, we constructed the streamfunction composites using six strongest positive years (1979, 1988, 1995, 1996, 1999, 2010) and the six strongest negative years (1983, 1986, 1994, 1997, 2002, 2009) according to the time series of M1. The composite difference of precipitation between the positive and negative phases of M1 is shown in Fig. 3 . A basin-wide precipitation increase occurs over the Atlantic between 0-30N in the positive phase. In particular, precipitation is enhanced significantly along 7N over Guiana Highlands, the East Atlantic ITCZ, and between 15N-20N over the West Atlantic and the Caribbean Sea. The former two changes confirm that M1 is associated with the intensity change, rather than meridional displacement, of the ITCZ; and the latter is likely associated with the enhanced TEW and TC activity. Precipitation also increases over Central America and 11 northern South America. In contrast, the precipitation in the Eastern Pacific ITCZ is greatly reduced, which is related to the ENSO pattern over the Pacific as discussed later in this chapter.
To investigate what may cause the intensity change of the ITCZ, we calculated the correlation between M1 and some prominent climate factors. For the consistency with the EOF analysis, all the JAS mean time series were first detrended. As shown in Table 1 Atlantic projects on the AEM mode. Note that the meridional SST gradient is enhanced near the south of the equator but weakened on its north edge due to the equatorial warming.
One direct impact of La Niña-like pattern is the weakened East Pacific ITCZ, which contributes to an anomalous Walker circulation. The associated low-level westerly anomalies and upper-level easterly anomalies between 130W-30W reduce the vertical shear of zonal wind over Atlantic (figure not shown). Meanwhile, the low-level trade wind is weakened over the Caribbean Sea and the western NTA, which contributes to increased local SST via air-sea interactions (e.g., wind-evaporation-SST feedback). The AEM warming is associated with the reduced trade wind at the western equatorial Atlantic through the Bjerknes feedback mechanism (Keenlyside and Latif 2007) . Lübbecke et al. (2010) suggested that the variations of trade wind are related to the variability of south Atlantic anticyclone, which is consistent with the analysis results (Fig. 2) .
The lag correlations of 3-month mean time series are shown in Table 2 anomalies (Czaja and Frankignoul, 2002) . The analysis implies a scenario in which the collaboration of these factors leads to M1, a prominent mode of the Hadley circulation over
Atlantic. Some of the factors, such as ENSO and AMM, have been known to impact the Atlantic TC activity. In the next chapter, we will examine the impacts of M1 on the Atlantic TC activity.
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CHAPTER 4: IMPACTS OF THE VARIABILITY OF THE HADLEY CIRCULATION ON THE ATLANTIC TCS
To examine the impacts of M1 on the Atlantic TC activity, we constructed the storm track composites for the positive and negative phases of M1 (Fig. 5) . Developing over the open ocean, these storms have a longer time traveling over the warm ocean and thus a larger chance to develop into a major hurricane Kossin et al. 2007 ). Among the 59 TCs, there are 35 (~59%) hurricanes and 22 (~37%) major hurricanes (category 3 or above). In the negative phase of M1, TC genesis shifts northwestward, and there is a larger fraction of TCs forming near the southeast coast of the United States. These storms had short tracks before landfalling or curving northward. Even some of the MDR storms also had very short tracks, and only two MDR TCs tracked across the Caribbean Sea, leaving the ocean south of the Greater Antilles free from TCs. Among the 34 storms, there are only 15 (~44%) hurricanes and 6 (~18%) major hurricanes, which is in sharp contrast to the positive phase composite.
The composites of M1 suggest that the variations of the Atlantic TC activity (JAS) are closely related to the variations of the Hadley circulation, or more specifically, the ITCZ intensity changes. The composites of other leading EOF modes did not reveal any associated TC 15 variability very clearly, which is consistent with their limited contribution to the interannual variability of the Atlantic Hadley circulation. In the following we will investigate how M1 affects the Atlantic TC activity. Fig.4 shows that the MDR SST in the positive phase is about 0.5 K warmer than that in the negative phase. The warmer SST favors TC formation and intensification, but the changes of the large-scale conditions induced by SST anomalies are likely more important than the direct thermodynamic impacts of warmer local SST (Swanson 2008) . As mentioned in the previous chapter, the low-level westerly anomalies and the upper-level easterly anomalies associated with an anomalous Walker circulation reduce the VWS over the most part of the MDR, the Gulf of Mexico, and especially over the Caribbean Sea, where the VWS difference between the positive and negative phases is as large as 8 m s -1 (Fig. 6a) . Differences of VWS with a similar pattern and a smaller magnitude are also found in the lower troposphere (between 500 and 850 hPa, Fig.   6b ). Strong VWS has long been known detrimental for TC formation and intensification (e.g., Gray 1968; DeMaria et al. 1996) , and reduced (enhanced) VWS in the positive (negative) phase of M1 contributes to a more (less) active hurricane season over the Atlantic.
The Large-scale Environment
The composite difference of the isobaric vertical velocity between the positive and negative phases of M1 is shown in Fig. 7a . Upward velocity anomalies are found between 6S
and 26N with two maxima. The maximum ascent enhancement between 5S and 5N is consistent with the changes in the streamfunction field (Fig. 2c, d ) and indicates a stronger and meridionally more extensive upward branch of the southern Hadley Cell. What is more directly 16 relevant to TC activity is the upward velocity anomalies between 10N-20N throughout the troposphere, which is related to a northward extended ITCZ or reduced subsidence to its north. Fig. 7b shows the composite anomalies of relative humidity (RH) based on M1. Strong positive RH anomalies are found over the equatorial zone throughout the troposphere, and weaker, but significant positive RH anomalies also appear between 10N-30N. The former is related to the stronger and more extensive ITCZ, and the latter is likely due to the weakened subsidence associated with the northern Hadley cell. Correspondingly, the Convective Available Potential Energy (CAPE) (from the ERA-Interim reanalysis) increases along the northern wave track over Africa and in the ITCZ and MDR regions east of 70°W while decreasing over the Caribbean Sea and the Gulf of Mexico (Fig. 8) . Middle-level moisture has long been recognized as a necessary condition for TC formation (e.g., Gray 1968 ). The recent study by Fritz and Wang (2012) suggested that the persistent upper-level dry air was also detrimental for TC formation. A moist column throughout the troposphere is thus favorable for TC formation and contributes to the increase of TC frequency in the positive phase of M1.
The subtropical subsidence is closely related to the subtropical high. The weakened subsidence over the subtropical North Atlantic implies a weaker subtropical high in the positive phase of M1, which is confirmed by the composites of 500 hPa geopotential height. As shown in Fig. 9 , the subtropical high in the positive phase is weaker and retreats eastward compared to the negative phase. The impacts of the subtropical high on Atlantic tropical storm tracks have been noted by numerous studies (e.g., Kossin et al., 2010; Colbert and Soden, 2012) . The associated steering flow allows TCs to curve northeastward over the East and Central Atlantic (Fig. 5) .
Meanwhile, the decrease of CAPE storage also makes the Caribbean Sea less favorable for TC 17 activity. Consequently, the number of landfalling storms does not increase proportionally with the total TC number (Fig. 5) .
We also examined the changes of the low-level and middle-level divergence and vorticity associated with M1 (figure not shown). During the positive phase, the positive vorticity anomalies and enhanced convergence were found in the lower troposphere over the MDR. The convergence in the planet boundary layer (PBL) intensified over the MDR, especially over the West Atlantic. The enhanced PBL convergence favors TC activity by pumping more moisture upward and increasing the humidity in the free atmosphere. The increase in cyclonic vorticity, most pronounced at 600 hPa and 700 hPa levels, extends from West Africa and also largely overlaps MDR.
In summary, various aspects of the large-scale conditions are favorable for TC formation and intensification in the positive phase of M1. This, however, is not the complete story. One of the necessary conditions for TC formation in the present climate is a pre-existing low-level cyclonic disturbance. The TC genesis location affects the subsequent development of a storm as discussed earlier in this chapter. In the next section we will examine the hypothesis that the variability of the Hadley circulation can impact the Atlantic TC activity indirectly via modulating the frequency and structure of TEWs.
Tropical Easterly Waves
To examine the variations of the TEW activity, we calculated the eddy kinetic energy (EKE) of the 2.5 to 9-day band-pass filtered 850 hPa wind and constructed the composites based on the positive and negative phases of M1. Figure 10a shows the positive composite. A strong wave center was found at the west coast of Africa around 12N, where AEWs usually get 18 intensified through interaction with mesoscale convective systems (Berry et al. 2005; Ventrice et al. 2012) . The wave activity can be tracked east of the Prime Meridian, and a second track along 20N is also discernible, which is related to eastward propagating disturbances north of the African easterly jet (Pytharoulis and Thorncroft 1999) . The wave activity extends westward to the ocean but weakens away from the coast. The strong variances over the subtropical western North Atlantic can be attributed to TEWs, midlatitude disturbances and TCs. AEWs can be regarded as perturbations excited by finite-amplitude, transient heating in a linearly stable mean state (Thorncroft et al. 2008 ). The mean flow may not be unstable enough to maintain or amplify the waves, but the idealized simulation by Leroux et al. (2009) showed that the wave response is very sensitive to the structure of the mean flow. Strong waves are associated with a strong jet that has a strong vertical shear in the lower troposphere or a strong and extended potential vorticity reversal. The composites of the 700 hPa seasonal mean (JAS) zonal flow are shown in Fig. 11 . Over West Africa and the East Atlantic, although the easterly jet has a similar intensity in the positive and negative composites, the jet in the positive composite is characterized by a stronger cyclonic shear south of the jet core and a larger area of absolute 19 vorticity gradient reversal. The enhanced cyclonic shear is mainly contributed by the weaker easterly flow south of 12N. The extended area of absolute vorticity gradient reversal implies the stronger instability and thus a better chance for wave growth. The composites of 850 hPa zonal wind show that the low-level westerly flow is also enhanced (not shown). The stronger monsoonal westerly increases moisture convergence near the coast and favors coastal development of AEWs. Meanwhile, the enhanced upstream AEW activity, which is consistent with the CAPE increase (Fig. 8) , also favors the coastal development. The variations of the TEW activity can be thus attributed to the change of the mean flow and the change of convective activity near the coast of West Africa.
Besides the wave frequency and intensity (Thorncroft and Hodges 2001; Camara et al. 2011) , another aspect of the TEWs that affects their subsequent evolution is the wave structure, in particular, the existence and structure of the wave pouch Hopsch et al. 2010 ). Next we will examine the wave pouch frequency and vertical coherence for the positive and negative phases of M1.
A wave pouch is a region of cyclonic rotation and weak deformation. We use the following two criteria to estimate the wave pouch frequency: i) OW>1.0×10 -10 s -2 and ii) ζ >1.0×10 -6 s -1 , where ζ is the relative vorticity, and the Okubo-Weiss (OW) parameter is defined as the square of vorticity minus the squares of the normal and shear components of flow strain (Rozoff et al. 2006) . The positive values of OW indicate that the flow is rotation-dominant.
Instead of the 2.5 to 9-day band-pass filtered data, the 2.5-day low-pass filtered data were used to calculate the pouch frequency as the background flow needs to be taken into account for the formation of a wave pouch. Also note that the threshold of OW used here is relatively small. This is to take into account the filtering of high-frequency fluctuations and to include weak wave 20 pouches that did not develop into TCs. To exclude the impacts of TCs, all the grid points within a 12.5 degree circle centered on a TC along 6-hourly HURDAT TC tracks were not counted.
The composite of 850 hPa wave pouch frequency in the positive phase of M1 is shown in Fig. 12a . The non-zero pouch frequency region follows the wave track, which is south of the jet over North Africa and extends westward and slightly northward all the way to the southeast coast of the United States. High frequency of occurrence is found along the northern and southern wave tracks over West Africa and along the wave track over the East Atlantic, with a maximum off the coast of West Africa. The center of high frequency near Panama is caused by shallow stationary vortices that are typically irrelevant with Atlantic TC activity. Cyclogenesis locations, especially for the MDR storms, largely fall into the regions of high pouch frequency. The composite of the pouch frequency for the negative phase of M1 and the differences between the positive and negative phase composites are shown in Figs. 12b and 12c , respectively. Significant reduction of the pouch frequency is found along the wave track over West Africa, the Atlantic MDR and the Caribbean Sea, which is consistent with the reduced TC activity.
To examine the vertical structure of wave pouches, we examine the frequency of occurrence of "deep" wave pouches in the lower troposphere. The vorticity and OW were examined at 500, 600, 700, and 850hPa levels over each grid point, and a wave pouch is designated as a deep pouch if at least 3 out of 4 levels satisfy the abovementioned criteria. This is to exclude shallow or strongly tilted wave pouches. The procedure to exclude the TC circulations remains the same. As shown in Fig. 13a , high frequency of deep pouches of 10-14 days per season occurs along 10N-12N over West Africa and the East Atlantic in the positive phase of M1. The northern wave track over West Africa is still discernible but has a much lower frequency than the southern one. This is consistent with previous findings that the northern 21 waves generally have a shallow structure confined to 850 hPa and below (e.g., Pytharoulis and Thorncroft 1999) . The composite based on the negative phase of M1 (Fig. 13b) has a similar spatial pattern, but the frequency of deep pouches is significantly reduced along the wave track over West Africa and the East Atlantic, over the Caribbean Sea, and over Central America.
The above diagnoses suggested that the ITCZ affects the Atlantic TC activity indirectly via modulating the wave pouch frequency and structure and that in the positive phase of M1
waves tend to develop a more favorable pouch structure for TC formation. It should be pointed out that the variations of the TEWs are not independent of the variations of the large-scale circulation. For example, the warm SST, upward velocity anomalies and a moist troposphere associated with the stronger ITCZ (the positive phase of M1) and the anomalous Walker
Circulation are conductive to convective development, which is believed to play an important role in the maintenance and intensification of TEWs (e.g., Berry et al. 2005; Thorncroft et al. 2008) . Interaction between a TEW and the ITCZ can also produce a stronger and deep wave pouch . A wave pouch is more likely to develop a vertically coherent structure if the VWS is weak Raymond et al. 2011; Davis and Ahijevich 2012) .
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CHAPTER 5: SUMMARY AND DISCUSSION
The interannual variability of the Hadley circulation in boreal summer and its impacts on the Atlantic TC activity were examined in this study. An original method was developed to define the regional Hadley circulation in terms of the meridional streamfunction that is derived from the irrotational component of the meridional flow. The long-term mean summer seasonal streamfunction over the Atlantic consists of a prominent southern Hadley Cell and a dwarfed northern Hadley Cell, which is similar to the solistical pattern in the global streamfunction average (Lindzen and Hou 1988; Dima and Wallace 2003) .
The EOF analysis was employed to study the interannual variability of the Hadley circulation over the Atlantic. The leading mode explains more than 45% of the total variances and is mainly associated with the variations of the southern Hadley Cell and the intensity change of the ITCZ. It was found that M1 is significantly correlated to multiple climate factors, including ENSO, AMM, NAO, and the Sahel precipitation and that the Atlantic TC activity is strongly impacted by M1. In the positive phase of M1 (when the ITCZ is stronger than normal), there are more TCs forming over the MDR with a larger fraction intensifying into major hurricanes. In the negative phase of M1, the Atlantic TC genesis frequency is lower than normal, and the genesis locations shift northwestward to the Gulf of Mexico and the western North Atlantic. Composite analyses showed that the positive phase of M1 is characterized by warmer SST, weaker VWS, higher water vapor content throughout the troposphere, larger CAPE, the enhanced low-level convergence, as well the stronger middle-level vorticity over the MDR, all of which are favorable for the TC formation and intensification.
23
The role of TEWs in modulating the Atlantic TC activity is highlighted in this study. In the positive phase of M1, the wave activity (in terms of EKE of band-pass filtered data) is significantly enhanced over the East Atlantic and the Caribbean Sea, which can be attributed to stronger coastal convection and a more unstable mean flow with extended area of the absolute vorticity gradient reversal. In the context of the recently proposed marsupial paradigm (Dunkerton et al. 2009 ), we also examined the frequency and structure of the wave pouches associated with different phases of M1. In the positive phase of M1, wave pouches occur more frequently at 850 hPa over the MDR, and the number of wave pouches with a vertically coherent structure also increases significantly. The vertically coherent structure of the wave has been suggested a necessary and highly favorable condition for the TC formation ).
This study thus suggests that the variability of the Hadley circulation impacts the Atlantic TC activity by modulating the large-scale conditions as well as the frequency and structure of TEWs.
The perspective based on the Hadley circulation thus provides a more complete dynamic framework to understand the cooperative impacts of the different aspects of the large-scale circulation on the TC activity.
This diagnosis showed that M1 and the AMM are significantly correlated with each other. The AMM is a dominant mode of air-sea interaction over the Atlantic, and also has strong impacts on the Atlantic TCs (Xie et al. 2005; Vimont and Kossin 2007; Kossin and Vimont 2007 
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The diagnoses presented in this study are mainly based on the NNR2 data. To check the robustness of the results, similar analyses were done using the ERA-Interim data and the CFSR reanalysis data. An intensifying and expanding trend of the southern Hadley Cell was found in all datasets, albeit with quantitative differences in the spatial pattern and in the intensification rate. Although the higher order EOF modes are sensitive to the datasets, the leading mode was found quite robust. The leading EOF modes in different datasets share the similar dipole pattern, representing the intensity variations of the ITCZ, and the spatial correlation coefficients between M1 in different datasets range from 0.89 to 0.94. The variances explained by the leading mode vary between 45% and 56%. We also tested the robustness of the EOF analysis by varying the longitude range over which the streamfunction was averaged, and M1 remains robust when the zonal domain is reduced from 20°W-70°W to 20°W-50°W. These tests thus suggest that M1, i.e., the intensity variability of the ITCZ, is the dominant mode of the interannual variations of the Atlantic Hadley circulation during boreal summer. 
